The aminolysis products of PET could be applied in several fields. The purpose of this study was to explore their use as a dual-purpose component as cross-linkers and catalysts in epoxy curing. PET aminolysis was carried out with 1:1.5 and 1:2 PET/ amine ratios to produce amides with different molecular weights. The reaction products were characterized with functional group analysis, NMR, FTIR, MALDI-TOF, and solution viscosimetry. The terephthalamides were dissolved in isophorondiamine and used as cross-linkers. Reaction kinetics studies with DSC, viscosimetry, and quantum chemical computational methods were used to characterize their accelerative effects. Our studies have shown that terephthalamides are active catalyst and their efficiency can be tuned with their molecular weight. The quantum chemical simulations suggested that the terephthalamides are in the same order of magnitude in effectiveness as phenolic accelerators. Consequently, terephthalamides are valued materials that can serve as double-purpose components in epoxy curing.
Introduction
Epoxy resins are versatile materials; they have excellent physical and chemical properties that make them perfect for various uses. Their properties can be fine-tuned by changing their precursor components and their cure circumstances [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Usually various amines, anhydrides and acids are used to cross-link the epoxy (diglycidyl ether) components. During the curing reaction, the glycidyl ether reacts with the cross-linker via a ring-opening addition reaction. The reactivity of the cross-linking agent determines the processing and curing of the resins. Several publications have shown and studied the curing, reactivity, and reaction mechanism of epoxy systems [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The ring-opening of the glycidyl ethers can be enhanced with catalyst that can form hydrogen bonds with the glycidyl ether ring [13, 14, 24, [32] [33] [34] [35] . Without any additional catalyst, the curing reaction produces secondary hydroxyl groups from the ring-opening of the glycidyl ether groups. Thus, the curing of the epoxy resins is autocatalytic, and it could be further enhanced by introducing additional catalytic compounds and accelerators into the resin system. The following hydrogen bond donors were found to accelerate the reaction of epoxy compounds and amines (listed from the most effective to the least effective): -OH (Ph-> PhCH 2 -> RCH 2 -> H-), -COOH, -SO 3 H, -CONH 2 , -SO 2 NH 2 [36] . These hydrogen bond donors are mostly considered accelerators by the literature, not catalyst (tertiary amines, imidazols, and ureas) since they could react with the epoxy derivatives.
In our previous study, we have synthesized terephthalamides via the aminolysis of PET with isophorondiamine (IPD) [37] . These terephthalamides were proven to have a considerably accelerative effect on the curing of epoxy resins. So far there has been little discussion about the use of PET aminolysis products in epoxy curing [37] [38] [39] [40] [41] , and there is no record on their catalytic, accelerative effect nor on its quantitative description. Nevertheless, their hydrogen donor capabilities are well described and have a decisive role in polyamides and their derivatives [42] [43] [44] [45] [46] [47] . Most of the aminolysis-related articles focused on the catalysis of the solvolysis reaction; or various uses such as PVC plasticizer, dyes, and anticorrosive components of paints, drugs with anti-bacterial and anti-inflammation effects, and alkyd resin components [48] [49] [50] [51] [52] . Almost all of these studies utilized high ratio of amines (1:3-1:7 ester-amine ratio) and various purification steps to gain their final product. This concept has recently been challenged in our recent studies, and we have tried to make use of raw solvolysis products and apply as low amount of reagents as possible [37, 53, 54] .
In this study, we have further attempted to reduce the used amount of diamine in an aminolysis reaction to obtain higher molecular weighed oligoamides. Three different ratios of PET and isophorondiamine were used (1:1, 1:1.5 and 1:2) ( Fig. 1) . The produced aminolysis products were characterized with functional group analysis, thermal gravimetric analysis (TGA), Fourier transformation infrared spectroscopy (FTIR), solution capillary viscosimetry, nuclear magnetic resonance spectroscopy (NMR), and matrix-assisted laser desorption/ionization timeof-flight mass spectroscopy (MALDI-TOF) measurements.
The main focus of this study was to quantitatively characterize the accelerative effect of the produced terephthalamides during epoxy curing. Two solutions series in IPD were prepared of the 1:1.5 and 1:2 reaction products and were used as amine cross-linkers in the curing of epoxy resins. The accelerative effect of the cross-linker solutions was studied with rotational viscosimetry and differential scanning calorimetry (DSC). The reaction kinetics of the curing was studied at 40 °C, 60 °C, 80 °C, 90 °C and 100 °C. Kamal-Sourour and its revised forms were used to determine the reaction rate and activation energy of the curing reaction. Density functional theory (DFT) and local coupled-cluster (CC) quantum chemical methods were used to calculate and compare the accelerative effect of the terephthalamides to other accelerators and catalyst.
Experimental
Materials DSM Arnite ® D00 301 PET granules were used for PET aminolysis. Isophorondiamine IPOX ® ER 2943 (IPD) (η: 5-25 mPas, ρ: 0.92 g cm −3 , amine value: 645-675 mgKOH g −1 ) and bisphenol-A-diglycidyl ether IPOX ® EH1010 (η: 10,000-14,000 mPas, ρ: 1.17 g cm −3 , EE: 180-196 g mol −1 ) were purchased from Ipox Chemicals. Zinc acetate (Zn(OAc) 2 ·2H 2 O) was purchased from BDH Chemicals. Pyridine (99%), N,N-dimethylformamide (99%) (DMF), potassium hydroxide (99%), hydrochloric acid (37%), and phthalic anhydride (99%) were purchased from Molar Chemicals. DMSO-d6 (99.9%) was purchased from Sigma-Aldrich. 
Aminolysis of PET with IPD
Aminolysis of PET was carried out in a 100-cm 3 round-bottom four-necked glass flask equipped with a mechanical stirrer, thermometer, gas inlet (Ar gas), and reflux condenser. 50 g PET and 0.5 g zinc acetate were weighed in the glass flask. The amount of IPD was calculated to the ester groups of the weighed in PET granules to 1:1, 1:1.5, and 1:2 ratios. No excess IPD was used during the aminolysis reaction. The reaction mixture was heated to 200 °C and was kept there for 4 h. The viscous yellowy melt at the end of the reaction was poured into an alumina pan. The reactions' products were used without any purification.
Characterization of oligoterephthalamides
Amine and hydroxyl functionalities were determined with titration methods. 3-3 parallel samples of 0.1-0.2 g weighed with analytical accuracy were dissolved in DMF. The 3-3 and the blank samples were titrated with 0.1 M hydrochloric acid to determine the amine content. Three drops of bromocresol green solution were added and used as an indicator. The hydroxyl content was determined with a backtitration method. 3-3 parallel samples of 1.8-2.0 g weighed with analytical accuracy were dissolved in 25 cm 3 1 M phthalic anhydride solution in pyridine. The 3-3 parallel and blank samples were refluxed at 110 °C in oil baths for 2 h. As the samples cooled down, 50 cm 3 pyridine was added through the condenser. The samples were titrated with 0.5 M aqueous NaOH solution. Phenolphthalein was used as an indicator.
Solution viscosimetry was used to compare the molecular weight of the aminolysis products. A 5-point solution series was used (0.02, 0.04, 0.06, 0.08, and 0.10 g cm −3 ) to determine the intrinsic viscosity of the 1:1.5 and 1:2 ratio samples. The samples were weighed in Erlenmeyer flasks with analytical precision and were dissolved in ethanol. The samples were refluxed for 30 min to dissolve the reaction products. The samples were measured at 40 °C in an Ubbelohde-type capillary viscosimeter. The intrinsic viscosity of the samples was calculated from the reduced and relative viscosity of the concentration series.
A Bruker Tensor 27 FTIR spectrometer was used to measure the FTIR spectra. The products were measured in KBr pastilles. Twenty-eight parallel scans were made between 4000 and 400 cm −1 interval. 1 H, 13 C, 1 H-1 H COSY, 1 H-1 H NOESY, 1 H-13 C HSQC, and 1 H-13 C HMBC NMR spectra were recorded with a Bruker Avance 300 spectrometer. The 50 mg samples were dissolved in 1 cm 3 of DMSO-d6.
The mass spectrometric measurements were carried out with a Bruker Autoflex Speed MALDI-TOF instrument. Ion source voltage 1, ion source voltage 2, reflector voltage 1, and reflector voltage 2 were 19 kV, 16.65 kV, 21 kV, and 9.55 kV, respectively. The instrument was equipped with a solid phase laser (355 nm) operating at 1000 Hz. For each measurement, 5000 shots were summed. The MALDI spectra were calibrated with PEG standards. The samples, the matrix (2,5-dihydroxybenzoic acid), and the ionizing agent (sodium trifluoroacetate) were solved at a concentration of 5 mg cm −3 , 20 mg cm −3 , and 5 mg cm −3 in THF, respectively. The mixing ratio was 2:10:1 (sample, matrix, and ionizing agent). A volume of 0.2 mm −3 of the solutions was deposited onto a MALDI target plate and allowed to air-dry.
The reaction products were purified before the NMR measurements. The reaction products were first dissolved in ethanol; then the solution was dropwise added to distilled water to precipitate the terephthalamides. The precipitate was washed thoroughly with water to remove the EG. The precipitate was dissolved in ethanol, and the solvent was removed with a vacuum apparatus. At the end of the purification steps amorphous, yellowy powder was obtained.
Epoxy preparation and characterization
A solution series of the 1:1.5 and 1:2 ratio raw aminolysis products were prepared to use as cross-linking agents. The aminolysis products were utilized without any purification. Thus, the IPD, the terephthalamides, ethylene glycol, and the residual zinc salt are present in the cross-linker solutions. The 1:1.5 reaction product was dissolved in the commercial IPD to gain 5, 10, 15, 20, and 30% solutions. The 1:1.5 15% and 30% solutions were used for the reaction kinetics study. The 1:2 ratio reaction product was used to produce 30% and 50% solutions with IPD for reaction kinetics measurements. The reaction products and the IPD were weighed in with analytical accuracy in Erlenmeyer flasks. The flasks were equipped on reflux condensers and were heated with an oil bath to 110-120 °C. The solutions were heated, stirred with a magnetic stirrer, and let to reflux until no solid residue remained in the flasks. The 1:1.5 solutions took 3-4 h to completely dissolve, while the 1:2 solution took only 1 h. The amine content of the solutions was measured as previously described.
The epoxy value of the base resin was measured with a back-titration method. Pyridine hydrochloride reagent solution in pyridine was prepared by dissolving 16 cm 3 concentrated hydrochloric acid in 1 dm 3 pyridine. 0.1-0.2 g samples of the epoxy resin were weighed in Erlenmeyer flasks and were dissolved in 25 cm 3 of pyridine hydrochloride solution in pyridine. The samples were let to reflux for 1 h; then after they cooled down, 10 cm 3 distilled water was added through the condenser. 0.1 M sodium hydroxide solution (in methanol) was used to titrate the samples in the presence of phenolphthalein indicator. The stoichiometric ratios of the epoxy resin and the amine cross-linkers were calculated based on the measured functionality. All the prepared resin samples were mixed according to the calculated 1:1 stoichiometric ratios. The epoxy samples were prepared in plastic cups. The epoxy base resin was weighed in a cup, and the stoichiometric amount of the cross-linker solution was weighed with analytical precision. The epoxy resin was vigorously mixed with a glass rod for 3 min.
PerkinElmer DSC7 was used for the reaction kinetics study. After the 3-min-long mixing period, an 8-10 mg sample was weighed in an alumina sample pan. Reaction kinetics studies were conducted on the commercial IPD (0%); the 15% and 30% 1:1.5 solutions; and the 30% and 50% 1:2 solutions. The epoxy curing reaction was studied at five different reaction temperatures, respectively, at 40 °C, 60 °C, 80 °C, 90 °C, and 100 °C with the following heat cycle. The samples were kept at 30 °C for 0.5 min, were heated to the cross-linking temperature with 200 °C min −1 heating rate, and were kept there for 2 h. Then the samples were cooled down to 0 °C with 20 °C min −1 heating rate and were kept there for 1 min. Then the samples were heated up to 250 °C with 20 °C min −1 and kept there for 1 min. The T g onset value and the residual reaction heat were determined from this heating period. The samples were cooled down to 0 °C with 20 °C min −1 heating rate; then, they were kept there for 1 min and were heated back to 250 °C with 20 °C min −1 heating rate. The residual (ΔH res ) and total (ΔH total ) reaction heat (see below) were used to calculate the conversion (α) of the curing. The dα/dt function was calculated from the numerical derivate of the isothermal heatwave-time curve. The T g of the 1:1.5 0-30% series was determined from the last heating period. (The isothermal step was at 90 °C.)
The total reaction heat of the cross-linking reaction was determined via a screening method. The samples (3-5 mg) were kept at 30 °C for 0.5 min and then were cooled down to 0 °C. Then the samples were heated with 20 °C min −1 heating rate to 250 °C and were kept there for 1 min. The total reaction heat was determined from the exothermal peak located at this period. Then the samples were cooled to 0 °C with 20 °C min −1 and were kept there for 1 min. The cooling curves were checked for any residual reaction heat. The samples were then heated up to 250 °C with 20 °C min −1 .
Quantum chemical computation
The geometry optimizations, transition state searches, and frequency calculations were carried out using the B3LYP functional [55] with the 6-31G(d,p) basis set [56] utilizing the Gaussian 09 quantum chemistry program [57] . The Gibbs free energy barrier (ΔG(298 K)) of the reactions was calculated as ΔG(298 K) = ΔE e + ΔE ZPE + ΔG 0→298 , where ΔE e is the difference of electronic energies, ΔE ZPE is the difference of zero-point vibrational energies, while ΔG 0→298 is the difference of thermal corrections to free energy between the initial and transition states. To improve the accuracy of the results, single-point calculations were performed for the preferred reaction path using the local natural orbital coupledcluster singles, doubles, and perturbative triples [LNO-CCSD(T)] method [58] with the aug-cc-pVTZ basis set [59] using the MRCC program suite [60] . Then, the B3LYP/6-31G(d,p) electronic energy was replaced with the obtained LNO-CCSD(T)/aug-cc-pVTZ electronic energy to get the improved free energy barrier.
Results and discussion

Oligoterephthalamide characterization
Functional group analysis and FTIR and TGA measurements were used to determine the success of the aminolysis reaction. The measured amine values decreased with decreasing the ratio of IPD. This suggests that different molecular weighed terephthalamides were produced (Table 1 ). Based on the measured amine values, the main components of the 1:1.5 and 1:2 reaction should be the monomer (4.26 mmol g −1 , 470.69 g mol −1 ) and dimer (2.60 mmol g −1 ; 771.09 g mol −1 ) terephthalamide derivates. The molecular weight difference between the two products was also confirmed with solution viscosimetry. The intrinsic viscosity of the 1:1.5 product was found to be significantly higher than the 1:2 ratio products. The hydroxyl content of the reaction products comes from ethylene-glycol. The OH content of the 1:2 and 1:1.5 ratio reaction products was 80-90% of the theoretical maximum that derives from the weighed in PET granules. The hydroxyl content of the 1:1 ratio product was 43%.
In the cases of 1:1.5 and 1:2, no residual ester groups were present, and the total amidation was achieved (1640 cm −1 amide carbonyl valence vibration and 1549 cm −1 N-H plain bending deformation). The ester attributed peaks (1720 cm −1 ester carbonyl valence vibration and 1530 cm −1 ester C-O-C bending vibration) were absent from their FTIR spectra. The characteristic end-group (-Ph-COO-CH 2 -CH 2 -OH) rocking vibrations of PET at 720 cm −1 disappeared in the aminolysis products. The 1:1 reaction mixture was highly viscous at the reaction temperature, and the reaction was hard to manage. This ratio probably resulted in even longer oligomer chains that had residual ester linkages as its FTIR spectrum suggested (Fig. 2) . The ratio of the used IPD was too low for any practical use. Due to the presence of residual ester groups, the 1:1 ratio was not studied further. Only functional group analysis and FTIR and TGA measurements were done on the 1:1 ratio product. The TGA measurements of the aminolysis products further supported the success of the aminolysis reactions ( Fig. 3 ). The 1:1.5 and 1:2 reaction products showed two distinct peaks in their DTG curves. The terephthalamides showed high thermal stability (~ 460 °C); only the evaporation of the ethylene-glycol could be observed in their TGA curves below their thermal degradation. On the contrary, the 1:1 ratio product showed a shoulder at lower temperatures (~ 410 °C) that suggested the presence of less thermally stable components or segments, probably esters in the reaction product. The volatile component content of the aminolysis products increased (15.2%, 20.8% and 34.7% weight loss at 350 °C), respectively, with the increasing IPD ratio. Bellow 200 °C the aminolysis products had a similar behavior.
Molecular structure characterization of the aminolysis products
NMR spectrometry was used to compare the 1:1.5 and 1:2 ratio reaction products. 2D correlative NMR spectroscopy measurements ( 1 H-1 H COSY, 1 H-1 H NOESY, 13 C HMBC) were done to fully assign the spectra of the 1:1.5 ratio product. The 1:2 ratio reaction was thoroughly studied and fully assigned in our previous work [37] . For the 2D correlative spectra of the 1:1.5 reaction product, see the Online Resource. The hydrogen and carbon atoms were numbered as shown in Fig. 4 . In both cases, we looked for traces of the amidation in the NMR spectra in comparison with the reagent IPD. The chemical shift of the IPD-related hydrogen and carbon atoms changes due to the amidation. Slight changes in chemical shifts and peak duplication appeared in the case of the methyl groups (4i ekv , 5j ax , and 7 h). Low intensity peaks around the a, c, e, i, j, and h main peaks can be observed in the 13 C spectra of both reaction products ( Fig. 5) . These low intensity peaks indicate the slight chemical shift changes of the carbon atoms due to the amide group formation on one or both amine groups. The carbon and hydrogen atoms near the amide groups (2b, 8 g) showed the most significant change in their chemical shifts in the 1 H and 13 C spectra. The 2, 2′, 8, and 8′ peaks in the 1 H were integrated for quantitative analysis. An amine/amide ratio was calculated for both groups to compare the reactivity of the different amines, the average amidation percentage, and the number average molar masses of the aminolysis products. As Table 2 shows, the amide (2) showed-as expected-lower amine/amide ratio than the aliphatic connected amine groups (8) . Overall the higher aspect of amide ratio in 1:1.5 reaction product suggests a higher molecular weight as well. The 1:1.5 product showed worse solubility in both ethanol and IPD than the 1:2 ratio product. The specific viscosity of the samples measured in ethanol at 40 °C further supported this observable difference ( Table 1 ). The calculated number average molar masses suggest that the 1:1.5 reaction product is mostly a mixture of the dimer (771.09 g mol −1 ) and trimer (1071 g mol −1 ), and the 1:2 reaction product is mostly a mixture of monomer (470.69 g mol −1 ) and dimer. Due to their rather high molecular weight, we will refer to the dimers, trimers, or any longer chained species collectively as oligomers.
As seen in Fig. 6 , one main series appeared in both MALDI-TOF spectra (PET/IPD, 1:1.5 and 1:2). Those series were identified as terephthalamide oligomers where the composition of the monomer unit is the following ((C 10 H 19 N) (C 8 H 5 O 2 N) (arrows in Fig. 6a, b) . The end groups are hydrogen and isophorondiamine as it is presented in Fig. 6 . The measured m/z values are in good agreement with the simulated ones. For example, the m/z of the oligomer with polymerization degree of 3 is 1093.719 (simulated), while the measured mass is 1093.731. Beside 3 H + Na] + for that adduct ion. As a minor series, the terephthalamide oligomers appeared with hydroxyl and hydrogen end groups. As it turns out from Fig. 6 , the higher PET/IPD ratio ( Fig. 6b ) results in higher molecular weight products up to m/z 3000. The number and weight average molecular weights were determined based on the main series. The number average molecular weights are 1040 g mol −1 and 860 g mol −1 for PET/IPD 1:1.5 and 1:2, respectively ( Table 2) .
Cross-linker effect on gelation and glass transition
The amine values of the cross-linker solution series can be found in Table 3 . The 1:1.5 solution series followed a linear decreasing trend with the increasing concentration of the dissolved reaction product. In our previous work, we tested the catalytic effect of the terephthalamides with gel time measurements and reaction heat measurements with DSC. A solution series of a PET/IPD 1:2 ratio reaction product and a model IPD-EG solution series were studied. We found that the terephthalamide solutions have a significant accelerative effect on the curing of epoxy resins. Since the amide group cannot react with the glycidyl ether groups, these should be considered catalysts beside their role as a cross-linker. The gel point data of the 1:2 and IPD-EG solution series are added to Fig. 7 as Ref. [37] . The gel time of the 1:1.5 solution series followed a near linear, declining tendency, but compared to 1:2 series from our previous study higher gel time was achieved. This result may be explained by the fact that the 1:1.5 reaction product has higher molecular weight than the 1:2 ratio product. The higher molecular weight of the 1:1.5 product probably slowed down the diffusion of the amide groups and restricted their availability in the system. Since the amide groups are connected (oligomers) their distribution in the reaction medium is not as homogenous as the lower M w amides. It can therefore be assumed that the longer oligoamides should have lower catalytic activity. Both reaction solution series had faster gelation time than the IPD-EG model solution series. The IPD-EG solution was designed to have an equivalent concentration of EG as a PET/IPD 1:2 solution [37] . This clearly demonstrates the catalytic effect of the amides. To thoroughly characterize this effect, isothermal kinetic studies were carried out with DSC. The conversion (α) of the isothermal curing was determined with the following equation:
The isothermal heatwave-time functions were calculated to conversion time (α(t)) functions. Numerical derivates were calculated to determine the dα/dt (α) functions to characterize the reaction kinetics.
The conversion dependence of the glass transition temperature in cross-linked systems is generally agreed on. The glass transition of a curing system approximates the equilibrial T g with the increasing conversion. The T g onset of the studied systems was measured, and an increasing tendency was found with the conversion level ( Fig. 8a ). In our previous study, we showed that terephthalamides have a decreasing effect on the glass transition in IPD-based epoxy systems. Due to the higher molecular weight of the cross-linking agent (compared to IPD), the cross-link density decreases, and as a result the T g decreases as well [37] . In this study a five-point concentration series was prepared of the 1:1.5 reaction product to study the effect of longer cross-linker molecules on the T g (Fig. 8b) . Due to the even higher molecular weight of the 1:1.5 reaction product, the glass transition temperature considerably decreased at a narrower concentration interval. The T g values of the 1:2 reaction series of our previous work were added as Ref. [37] .
Epoxy cross-linking kinetics characterization
Five different cross-linkers were compared in our kinetics study at five different curing temperatures. Commercial IPD (IPOX ® ER 2943) was used as a reference. 1:2 30% and 50% solutions and 1:1.5 15% and 30% solutions were used = ΔH total − ΔH res ∕ΔH total . Fig. 7 Gel time of epoxy resins cross-linked with the PET/IPD and the IPD-EG model solution series. The hollow points are used as a reference from our previous study [37] to quantitatively compare the reaction products and the reference material. Just as the gelation measurements suggested the terephthalamide solutions proved to be more active during cross-linking than the IPD. The reaction rate increased with the cross-linking temperature, and in almost all cases the IPD < 1:1.5 < 1:2 trend can be observed. See the Supplementary Materials for a direct comparison between of the commercial IPD, 1:1.5 solution series, and the 1:2 solution series cure kinetics curves at the different temperatures. The applied kinetic models and calculated values are representative of the studied system as a whole. Figure 9 compares the cross-linkers at different curing temperatures. The commercial IPD was the least active, and the 1:2 50% solutions were the most active at all the curing temperatures. The 1:1.5 15% solution was the least active among the terephthalamide solutions. The 1:1.5 30% and 1:2 30% solutions "competed," at the early stages of the reaction (α = 0-0.4). The 1:2 30% solution showed higher activity at 60 °C, 80 °C, and 90 °C. 1:1.5 30% and 1:2 30% solutions had similar reactivity at 100 °C. These trends and activity ranking were completely disrupted at 40 °C because the curing reaction was substantially governed by diffusion. The amide catalytic effect kick-started the reactions even at this low temperature, but the high molecular weighed components significantly increased the viscosity and diffusion rates. Thus, almost none of the samples except 1:2 30% could achieve higher than 60% conversion. Since the viscosity of this sample is lower than any of the used terephthalamide solutions (see Supplementary Material) , the amide catalytic effect might have been able to push the reaction further to a higher conversion rate [37] . The conversion rate increased with the curing temperature and approximated 100%. The dα/dt (α) functions of the least active cross-linkers showed a plateau-like behavior. This indicates a decrease in the activity of the reaction and the increasing influence of diffusion during curing. The slope of the dα/dt (α) functions started to follow a near linear declining trend around a 40% conversion rate. At higher temperatures (80 °C, 90 °C, and 100 °C), a second Fig. 8 The T g onset (a) and the T g (b) of epoxy resins cross-linked with the PET/IPD solution series The hollow points are used as a reference from our previous study [37] change of slope can be observed around 60% conversion rate that indicated the slowing down of the reaction.
Three kinetic models, the Kamal-Sourour (Eq. 1) [26, 27] , a revised Kamal model by Cole diffusion factor (f d (α)) (Eq. 2) [29] , and revised Kamal model by Fournier diffusion factor (Eq. 3) [31] , were used to fit to the dα/dt (α) functions. The revisions on the Kamal-Sourour model serve as a way to consider the diffusion-controlled regime of the curing reaction with a f d (α) function. The k 1 and k 2 are the kinetic rate constants of the uncatalyzed and autocatalyzed reaction, respectively. The n and m are fitting parameters thought to be connected to the order of the reaction (n + m); they allow a more precise fitting. As the reaction progresses, the increase in molecular weight slows down the reaction. The α c parameter in Eq. 2 is defined as the critical conversion point where the diffusion control becomes dominant over chemically controlled regime. The C is a fit parameter. The α f in Eq. 3 is not a fit parameter; it is the maximal conversion that was achieved during the isothermal curing. The b parameter is a fit parameter. Since Eqs. 2 and 3 are quite similar, the C ~ b −1 relationship is expected.
The dα/dt (α) functions plotted at different curing temperatures
The three models resulted in similar k 1 and k 2 reaction rate constants. The revised models resulted in better fits at lower (40 °C and 60 °C) curing temperatures. At higher cure temperatures (80 °C, 90 °C, and 100 °C), the three models resulted in almost identical k 1 and k 2 values. The Arrhenius plot of both k 1 and k 2 showed declining tendency, indicating that the reactions became more active at higher temperatures, although k 1 scattered considerably (Fig. 10) . The autocatalytic k 2 rate constant followed an almost linear tendency in the Arrhenius plot and is several magnitudes higher than k 1 . The calculated k 2 values allowed us to rank the autocatalytic activity of the cross-linking agents. The following rank was found at all curing temperature with all the applied models: commercial IPD < 1:1.5 15% < 1:1.5 30% < 1:2 30% < 1:2 50%. The 40 °C and 60 °C k 2 values diverged from the linear determined by k 2 values determined at higher cure temperatures. This could be explained by the stronger effect of the diffusion-controlled regime at lower temperatures. The higher diffusion rate causes the reaction to diverge from the classical Arrhenius-type behavior. Thus, the calculated values will shift. Due to these reasons, only the higher cure temperature data (80 °C, 90 °C, and 100 °C) were used to calculate the activation energy of the autocatalytic reactions.
The n and m fit parameters both showed an increasing tendency with the cure temperature (Fig. 11) . The m parameter showed almost no dependence on the crosslinking agent, and a clear monotone increasing tendency was found between the 0-0.4 interval. The m parameter is almost independent on the used model, and it clearly resembled the dependence of k 2 on temperature. On the other hand, just as k 1 the n parameter strongly coherently changed with the temperature, the cross-linking agent, and the applied model. The n parameter value scattered between a wide interval. The n and m parameters calculated from the revised Kamal models (Eqs. 2, 3) shifted to lower values at the lower cure temperatures (40 °C and 60 °C) . n + m is thought to be the overall reaction order, and it is usually between the 2 and 3 interval. In our case n + m scattered around 2 in the 1.5-2.5 interval. Although in some cases with the revised Kamal models even n + m < 1 was observed at 40 °C and 60 °C, this probably results from the mistakes of the fitting process. There is no general agreement about the value and temperature dependence of these parameters. Figure 12 shows the fit parameters of the revised Kamal models (Eqs. 2, 3). Equations 2 and 3 are similarly built models, but their principals differ (see Online Resource). Equation 2 utilizes α c as a fit parameter and defines it as the critical conversion point where the diffusion-controlled regime becomes dominant over the chemically controlled regime. On the contrary, the α f in Eq. 3 is the maximum conversion reached during the isothermal curing. In our case α c approximated the value of α f and both parameters increased and approximated α = 1 value. All things considered, α c might not fulfill its original definition and purpose. The C parameter (Eq. 2), just as b (Eq. 3), acts as a way to consider the The Arrhenius equation was used to calculate the activation energy and preexponential factors of the non-catalytic (k 1 ) and catalytic (k 2 ) reactions (Fig. 13) . The non-catalytic reaction rate value heavily scattered with the curing temperature and the used cross-linking agent. Therefore, one or two points had to be left out of the fitting process to determine the activation energy values. Due to these reasons, the calculated activation energy of the non-catalytic reaction is ambiguous, unreliable. (see the Supplementary Material).
The activation energy of the autocatalytic reaction in the terephthalamide solution series was compared to the commercial IPD (Fig. 13 ). In the case of the samples cured with only commercial IPD only, the secondary hydroxyl groups formed during the curing can act as a catalyst. The activation energy of the catalyzed reaction decreased due to the terephthalamides. The 1:2 30% and 50% solutions caused the most significant decrease of 10-15 kJ mol −1 in the activation energy. The activation energy of the reaction decreased with the concentration with the 1:2 series. In comparison 1:1.5 15% and 30% solutions could only achieve a 5-10 kJ mol −1 decrease. Surprisingly, the activation energy of the 30% solution was found to be higher than the 15% solution. These relationships may partly be explained by the molecular weight difference between the 1:2 and 1:1.5 reaction products. There are similarities between the attitudes expressed by this phenomenon, those described by the rotational viscosity measurements. The 1:1.5 solution series proved to be slightly less effective in enhancing the curing Fig. 13 The calculated activation energy and preexponential factors for the autocatalyzed reaction in comparison with the 1:2 series. Thus, it can be concluded that the produced terephthalamides can act as a catalyst in epoxy systems and their catalytic activity can be influenced by their molecular weight. Figure 14 shows the computationally studied reactions, i.e., the reaction of epoxy with the possible amine derivatives. The studied epoxy amine curing reaction according to Ehlers et al. can follow a direct or an indirect mechanism [32] . The corresponding general transition states are shown in Fig. 15 . On the direct path the epoxy ring breaks up, the amine connects to the free CH 2 of the epoxy, and the O of the epoxy ring is hydrogenated by the catalyst (or the reactant, if there is no catalyst), which regenerates instantly with a H from the reactant amine group. In contrast, during the indirect path, the catalyst only stabilizes the free O group of the epoxy after the ring breaking, and its hydrogenation happens later in the process. The investigation of whole polymer chains with the chosen method would be impracticable; therefore, the reduced size epoxy and amines used to model the reaction are shown. (The wavy line represents that the chain would continue from there.) As catalyst/accelerator, glycol, phenol, and the self-catalysis of the possible amine and amide groups of the two amine reactants were studied. Table 4 summarizes the energy barriers of the possible settings. The coordinates and energies of the structures are presented in the Supplementary Material. The transition states of direct path have an imaginary frequency of 370.3-441.4 cm −1 , while the TSs of the indirect path have 375.4-406.2 cm −1 . It can be seen that in every case the energy barrier of the indirect path is lower with 30-95 kJ mol −1 than the direct path, i.e., the indirect path is favored. Therefore, the more accurate LNO-CCSD(T) calculations were performed only for the indirect path. The difference between DFT and LNO-CCSD(T) results can reach 11.7 kJ mol −1 ; however, the trends are similar, and therefore, the results of the more reliable LNO-CCSD(T) are discussed here. Also, there is no notable difference in the reactivity of the c-NH 2 and R-CH 2 -NH 2 groups.
Catalytic effect of amides studied with computational chemistry
Comparing the effects of the catalysts, it can be seen that PhOH is the best performing with the lowest barrier, 86.6-92.1 kJ mol −1 . Amide groups have almost the same catalytic effect, regardless of type, with barrier of 90.8-98.8 kJ mol −1 . Glycol is also effective to catalyze the curing reaction with a slightly higher barrier, 103.2-106.4 kJ mol −1 . The catalytic effect of the amine groups results in barriers of 123.0-132.1 kJ mol −1 , meaning that they are worse than the -OH and -NH groups but still better than if there was no catalyst (barriers of 157.4-157.9 kJ mol −1 ). The notable difference between experimental and calculated activation energies can be attributed to the approximations of the calculations, i.e., gas-phase calculations with the relevant part of the species. Nevertheless, the applied model is able to reveal the differences in activity between the possible catalysts. In summary, according to the calculations, the curing reaction occurs with the indirect mechanism, and the amide groups of the reactants are as good as the phenol as a catalyst of this reaction.
Conclusions
In our previous study, we observed the catalytic effect of amides during the curing of epoxy resins and we showed that raw aminolysis products of PET can be applied as epoxy cross-linkers. The main purpose of this study was to quantitatively characterize the catalytic effect of terephthalamides. We have further decreased the required amount of diamine compound during PET aminolysis to produce oligoamides. The aminolysis products were used as co-cross-linkers with isophorondiamine to study their effect on the curing reaction and glass transition temperature.
The aminolysis of PET was carried out with different PET/IPD ratios (1:1, 1:1.5, and 1:2). Based on the functional group analysis and FTIR and TGA measurements, total amidation was achieved in the case of the 1:1.5 and 1:2 ratios. The 1:1 ratio was found to be too low to achieve total amidation; traces of residual ester groups were found in the reaction product. Based on the functional group analysis and the capillary viscosity measurements, the molecular weight of the 1:1.5 and 1:2 ratio products differs. The 1:1.5 and 1:2 ratio reaction products Table 4 Free energy barriers of the epoxy curing reaction with different reactants, catalysts, and pathways. All values are in kJ/mol. c-NH were compared with NMR. The quantitative analysis of the 1 H and MALDI-TOF spectra further supported that the 1:1.5 ratio reaction product has higher molecular weight than the 1:2 ratio product. Further lowering of the used amine ratio resulted in increasing the molecular weight of the terephthalamides. Thus, the aminolysis of PET can be also used to produce oligoamides. The 1:1.5 reaction product was shown to more effective in decreasing the glass transition temperature of epoxy systems than the 1:2 ratio product. The rotational viscosimetry and DSC reaction kinetics measurements confirmed the catalytic effects of the terephthalamides during curing. The terephthalamides are double-purposed components that can also acts as cross-linkers and capable catalysts that can kick-start the curing reaction. Their higher molecular weight can also decrease the diffusion rates in the system that could set back the reaction at lower cure temperatures. This effect can be completely negated at higher cure temperatures (T cure > 60 °C). Three models, the Kamal-Sourour and two revised Kamal models, were used to quantitatively describe the kinetics of curing. Our calculations show that at 40 °C and 60 °C the revised models result in a better fit. At higher cure temperatures, the revised models gave almost the same results as the Kamal-Sourour equation and high R 2 values were achieved. The non-catalytic-related reaction rate k 1 and the fit parameter n significantly scattered, while the autocatalytic-related reaction rate k 2 and fit parameter m increased with the cure temperature. The k 2 values of the solutions series ranked as the following at all cure temperatures: commercial IPD < 1:1.5 15% < 1:1.5 3 0% < 1:2 30% < 1:2 50%. Thus, these experiments confirmed that the increase in molecular weight of terephthalamides results in decreased catalytic activity during epoxy curing. The activation energies of the autocatalytic reaction were found to decrease with the presence of terephthalamides in the cross-linking agent.
The quantum chemical calculations show that the indirect pathway is preferred compared to the direct one in the epoxy curing reaction. Even though the phenol catalyzed reaction has the lowest barrier, amide groups have almost the same catalytic activity, better than the glycol and amine groups.
In conclusion, we have shown that PET-derived oligoamides can be used to cure epoxy resins. They can be used as double-purpose components in epoxy systems as cross-linkers and catalysts. Their effects on the curing reaction and properties of the cured resin can be tailored with their molecular weight. and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
